Background: Hepatocellular carcinoma (HCC) with inferior vena cava (IVC) involvement is a rare disease with poor prognosis. This study aimed to evaluate the outcome of HCC patients receiving radiotherapy (RT) to IVC tumor thrombus. Methods: A total of 42 consecutive HCC patients treated with RT to IVC tumor thrombus between September 2007 and October 2018 were enrolled. Overall survival (OS), the response of IVC thrombus, prognostic factors and failure pattern were assessed.
Introduction
Hepatocellular carcinoma (HCC) is the most common type of liver cancer and the third ranked cause of global cancer mortality [1] . Vascular invasion is a prognostic factor for poor overall survival (OS) in patients with HCC [2, 3] . Compared to portal and hepatic veins, inferior vena cava (IVC) was less frequently involved by HCC. IVC tumor thrombus may flow into heart and lung, leading to pulmonary embolism and lung metastasis. Patients with HCC involving IVC had an increased risk of sudden death and dismal treatment outcome [4, 5] .
HCC involving IVC is difficult to treat and a standard therapy has not been established. Surgery, transarterial chemoembolization (TACE) and systemic treatment were adopted in the management of these cases. The use of radiotherapy (RT) remains controversial. Some retrospective studies have suggested that RT is a feasible and safe option to palliate HCC with IVC invasion with pooled 1-year OS rate of 53.6%, response rate of 59.2% and possible severe complication rate of 1.2% [6] . However, the data regarding lung metastasis and pulmonary embolism after RT for these patients was limited.
In the current study, we retrospectively evaluated the clinical outcomes and prognostic factors in HCC patients receiving RT to IVC tumor thrombus. In addition, the information of lung metastasis and pulmonary embolism before and after RT was reported.
Methods

Patients
This study enrolled 42 consecutive HCC patients receiving RT to IVC tumor thrombus at our hospital from September 2007 to October 2018. The demographic and clinical features, treatment modalities and outcomes of these patients were gathered from a review of the medical records. HCC was diagnosed on the basis of histological examination or the image criteria of the American Association for the Study of Liver Diseases guideline [7] . The IVC tumor thrombus was diagnosed by characteristic finding of computed tomography (CT) or magnetic resonance imaging (MRI). All patients had pretreatment assessment consisted of a history and physical examination, hematology, biochemistry, Hepatitis B/C panel and chest radiographs.
Radiotherapy
Radiotherapy was delivered by using a linear accelerator with intensity-modulated radiotherapy (IMRT) in 35 patients and three dimensional conformal radiation therapy (3DCRT) in seven patients. All patients were immobilized by customized devices in the supine position with both arms raised above the head. The simulation CT scan was acquired at 5 mm slice thickness and transferred for treatment planning system to determine the radiation volume and dose distribution. RT was planned to target IVC and right atrium thrombus. Synchronously, hepatic or portal vein thrombus was also irradiated in 26 patients and intrahepatic tumor in seven patients according to the suggestion of our institutional multidisciplinary HCC team. The gross tumor volume (GTV) was defined as the hypodense filling defect area for venous thrombus and the hyperdense area for intrahepatic tumors. The clinical target volume (CTV) was defined as GTV plus a 0.5-1 cm margin along the vein for thrombi and in all directions for intrahepatic tumors. For cases with tumor thrombus in the right atrium, we included the whole right atrium in the CTV. The planning target volume (PTV) was determined by adding a 0.5-1 cm margin to the CTV for uncertainties in treatment delivery. A daily dose of 2-3 Gy was delivered to the PTV using 6-or 10-MV X-rays at five fractions per week. The RT dose was converted to equivalent dose in 2-Gy fractions for α/β = 10 (EQD 10/2 ). Other therapies for HCC given within 4 weeks before or after RT was defined as concurrent treatments.
Response assessments and follow-up
CT or MRI scans were performed at 1 to 3 months after the completion of RT and then every 3 to 6 months thereafter. The response of the IVC tumor thrombus was assessed according to the World Health Organization criteria [8] . The product of the two greatest perpendicular diameters of the IVC tumor thrombus was calculated and compared with the baseline value. Complete disappearance of IVC tumor thrombus was defined as complete response (CR), decrease of ≥50% in IVC thrombus size as partial response (PR), decrease of <50% in IVC tumor thrombus or increase of < 25% as stable disease (SD), and increase of ≥25% as progressive disease (PD). The objective response included CR and PR. Adverse effects were graded according to the Common Terminology Criteria for Adverse Events (CTCAE; version 3.0).
Statistical methods
The data cutoff date was October 10, 2018. The survival curves were estimated using the Kaplan-Meier method and compared statistically using the log-rank test. OS was calculated from the start of RT to the date of death. For patients without lung metastasis before RT, lung metastasis-free survival was measured from the start of RT to the date of death or the development of lung metastasis. Univariate and multivariate Cox proportional hazards analyses were performed to check factors associated with OS and lung metastasis-free survival. A p value of < 0.05 was considered statistically significant. Data analysis was performed with SPSS version 22.0 software and R version 3.5.1 for Windows.
Results
Patient characteristics
The demographic and clinical characteristics of 42 patients at baseline are summarized in Table 1 . The cohort included 29 men (69%) and 13 women (31%). The majority of patients (90.5%) had hepatitis B and/or C. Eight (19.0%) patients had lymph node (LN) metastasis and ten (23.8%) patients had lung metastasis. In addition to IVC, thrombus was also noted in right atrium in 11 (26.2%), portal vein in 16 (38.1%), and hepatic vein in 15 (35.7%) patients.
Treatment characteristics
All treatment modalities are summarized in Table 2 . Before RT to IVC thrombus, ten patients were treated by surgery, 19 by TACE/TAE (transarterial embolization), and 11 by radiofrequency ablation (RFA) or percutaneous ethanol injection (PEI). Thirty-six patients completed the RT treatment while RT was terminated earlier in six patients (3 due to terminal liver disease, 2 pulmonary embolism and 1 respiratory failure). The median RT EQD 10/2 were 48.75 Gy (range, 3.25-67.10). Within 4 weeks before or after RT, 13 patients underwent TAE/ TACE or RFA/PEI for their intrahepatic tumors. Furthermore, twelve (28.6%), 24 (57.1%) and 21 (50.0%) patients received individualized systemic treatment before, during and after RT, respectively (Table 3) . Sorafenib was the most commonly used systemic anticancer drug, with a median treatment duration of 3.3 months in 31 patients.
IVC response and survival outcomes
The median follow-up time was 4.4 months (range, 0.26-55.89) in the whole cohort. Fifteen patients died before CT or MRI for the response evaluation. Among the 27 evaluable patients, CR, PR and SD were achieved in four, 16 and seven patients, respectively. For the entire cohort, the objective response rate was 47.6%. The 1-year OS rate was 30.0%, with a median survival of 6.6 months (95% CI 3.7-9.5; Fig. 1 ). The OS was not associated with RT techniques (2.1 and 7.1 months in 3DCRT and IMRT group, respectively, p = 0.33). On the hand, the median OS was significantly longer for patients with Child-Pugh class (CPC) A (11.5 vs. 1.8 months, p < 0.0001; Fig. 2a) , without LN metastasis (7.4 vs. 1.9 months, p = 0.002; Fig. 2b ), without lung metastasis (7.1 vs. 1.9 months, p = 0.044; Fig. 2c ), and RT EQD 10/2 ≥ 50 Gy (8.0 vs. 3.6 months, p = 0.011; Fig. 2d) . Furthermore, the objective response of IVC was associated with a longer median OS in the entire cohort (12.4 vs. 2.1 months, p < 0.0001; Fig. 3a) . Among the 27 evaluable patients, there was a trend toward better OS in the objective responder of IVC (p = 0.066; Fig. 3b ). Multivariate analysis confirmed that CPC, LN metastasis, lung metastasis and objective response of IVC thrombus were independent predictors for OS (Table 4) .
Lung metastasis and pulmonary embolism
Ten (23.8%) patients had lung metastasis before RT to IVC thrombus. During post-RT follow-up, lung metastasis was identified in additional 20 patients (Fig. 4a) . Among the 32 patients without lung metastasis before RT, use of systemic therapy concurrently with and/or after RT was associated with a longer median lung metastasis-free survival (5.9 vs. 2.1 months, p = 0.0033; Fig. 5a ). By multivariate analysis, objective response of IVC thrombus was the only independent predictor for lung metastasis-free survival (Table 5) . Patients with objective response of IVC thrombus had a longer median lung metastasis-free survival (6.5 vs. 1.9 months, p = 0.002; Fig. 5b ). Furthermore, six (14.3%) patients had pulmonary embolism before RT. During post-RT follow-up, resolution of pulmonary embolism was noted in two patients who received anticoagulant and systemic treatment (1 with sorafenib followed by ramucirumab, and 1 everolimus followed by sorafenib). On the other hand, one of 36 patients without pulmonary embolism before RT had pulmonary embolism during post-RT follow-up (Fig. 4b) .
Patterns of failure
At the data cutoff, 33 (78.6%) patients died. The site of first progression was shown in Table 6 . The most common site was lung in 14 (33.3%) patients. Only three (7.1%) patients had their first progression in the IVC thrombus. The most common causes of death were liver failure due to tumor progression or hepatic decompensation in 11 (33.3%) and lung metastasis in seven (21.2%) patients.
Toxicity
The most common acute toxicities were fatigue in 13 (31%), dysphagia in four (9.5%), radiation dermatitis in three (7.1%) and cough in one (2.4%) patient. These toxicities were grade 1 or 2. In addition, elevation of Child-Pugh score ≥ 2 were observed in nine (21.4%) patients.
Discussion
HCC involving IVC is a challenging clinical condition. The optimal treatment remains undetermined. Previous studies suggested the potential therapeutic role of RT in these patients [6, [9] [10] [11] [12] [13] [14] [15] [16] . In the present study, 42 HCC patients were treated with RT to IVC thrombus (7 with 3-DCRT and 35 IMRT). RT was earlier stopped in six patients (3 due to terminal liver disease, 2 pulmonary embolism and 1 respiratory failure). The remaining 36 patients completed RT with median EQD 10/2 of 50 Gy. For all 42 study patients, the median OS was 6.6 months and 1-year OS rate was 30.0%. This result was similar to the experience of two Asian institutions [10, 11] but compared unfavorably with the pooled data from prior eight studies (1-year OS rate of 53.6%) [6] . We next examined the possible factors contributing to this dismal outcome. A multivariable analysis of patient characteristics demonstrated that CPC B/C, LN metastasis, lung metastasis and the absence of objective response of IVC thrombus were associated with poorer OS. LN metastasis and liver cirrhosis are key prognostic determinants of HCC patients. In our cohort focusing on HCC involving IVC, eight patients with LN metastasis received individualized systemic treatment for the involved LN. These patients had a significantly inferior OS of 1.9 months when compared to those without LN metastasis. It is interesting to note that LN metastasis was still an independent predictor of survival in so advanced stage HCC. This result was in line with prior studies [9, 13]. Moreover, CPC is widely used for the clinical assessment of liver cirrhosis and liver function. In our study, patients with CPC A had a longer median OS time than those with CPC B/C (11.5 vs 1.8 months). Similar findings were disclosed in prior reports which showed a longer median OS of 12.2 months in patients with CPC A than 6.1 months in CPC B [9] , and confirmed CPC A was an independent predictor for better OS [12] . Collectively, the results of our and previous studies indicated that the residual liver function was an important clinical factor in these patients who commonly have concomitant intra−/extra-hepatic lesions needing further therapies. Lung is a common site of extrahepatic dissemination in HCC. Of 42 patients in the current study, ten patients had lung metastasis before RT. The presence of lung metastasis before RT was correlated with poor OS. To our knowledge, this is the first study to show lung metastasis before RT was an independent predictor for OS in HCC patients receiving RT to IVC tumor thrombus. Furthermore, lung metastasis was found in additional 20 patients during post-RT follow-up. From the present retrospective analysis, it is difficult to attribute these newly developed lung metastases to thrombus dislodgment during RT or the natural history of cancer. On the other hand, we showed that objective response of IVC thrombus was an independent predictor for lung metastasis-free survival. Systemic therapy given concurrently with and/or after RT was associated with a longer lung metastasis-free survival in 32 patients who did not have lung metastasis before RT. This finding suggested the potential role of systemic therapy on reducing lung metastasis after RT to IVC tumor thrombus. Advances in radiation technology made it possible to deliver higher RT dose to the tumor without causing severe complications. In the present study using modern RT for IVC tumor thrombus, patients receiving RT EQD 10/2 higher than 50 Gy had a longer median OS time than those of lower dose. Moreover, objective response of IVC thrombus to RT was an independent predictor for better OS. This finding was consistent with the result of the prior study [13] . On the other hand, RT-related adverse effects were major concerns in these HCC patients with advanced stage and limited survival. Pulmonary embolism was suspected to be a complication due to thrombus dislodgment during RT in one study [11] . In the current cohort, pulmonary embolism was identified in six patients before RT. Among the remaining 36 patients, only one patient had pulmonary embolism during post-RT follow-up. This finding suggested pulmonary embolism was more likely a common natural consequence of IVC thrombus than complication of RT. However, we cannot exclude the possibility that this newly developed pulmonary embolism of our cohort was due to RT-induced thrombus dislodgment. Aside from this possible adverse event of pulmonary embolism, no other severe side effect was noted in the present study. This rarity of severe complications might be due to underestimation in our retrospective review for patients with short survival time. But on the positive side, the low complication rate may reflect the advantage of 3DCRT and IMRT which delivered relatively low RT dose to normal organs. Our study has several limitations. First, the study is retrospective and carries with it all of the biases inherent in such an analysis. Specifically, treatment related morbidity might be underestimated due to insufficient information in the medical record. Second, the number of enrolled patients was small. It is possible to miss significant relationships from the data. Finally, our study investigated patients treated between 2007 and 2018. Changes in therapies for HCC and supportive management over time may affect patient outcome and contribute to study bias.
Conclusions
In conclusion, this study showed RT was a feasible and safe treatment option for IVC tumor thrombus in HCC patients. Detailed information relating to pulmonary embolism and lung metastasis was provided in the present study. Pulmonary embolism due to thrombus dislodgment during RT rarely occurred. Use of systemic therapy given concurrently with and/or after RT was associated with a longer lung metastasis-free survival. Based on our results, RT might be a treatment option incorporated into combination therapy for HCC involving IVC. 
